substances in culture filtrates and lysates of Pasteurella tularensis. J. Bacteriol. 88:566-573. 1964 .-Culture filtrates and lysates of Pasteurella tularensis were tested for immunogenicity in mice subsequently infected with either strain 425 or 425 F4G. The efficacy of the vaccines varied with dosage and was significantly dependent upon methods of preparation. The optimal procedures for the production of an immunologically potent vaccine included: (i) aging the cultures after growth under partial anaerobiosis at 37 C, and (ii) inactivating the cells with phenol or formalde-
hyde. An unusual "survival phenomienon" was suggested when mice were administered large doses of cell-free vaccines and subsequently large doses of moderately virulent P. tularensis. The data indicated that the filtrates and lysates elicited an immune response sufficient to protect against an active infection with strains 425 or 425 F4G, and that the challenge dose per se stimulated an enhanced immunity. Furthermore, this survival phenomenon was demonstrable when imiiiunized mice were subsequently given iiiassive doses of strain 425 and challenged with appiroximately 1,000 LDD5o of the fully virulent strain Schu. On the basis of our data, we have hypothesized that the protective antigens were released into the suspending medium as a result of alterations in the permeability of cells undergoing either complete or partial enzymatic degradation. We believe that the envelope antigens were released from the cell by mechanisms analogous to those causing leakage of intracellular constituents in cells 1 This report was taken from a dissertation submitted by the senior author in partial fulfillment of the requiremnents for the Ph.). degree at the University of Utah, 1961. Presented in part at the Semiannual Meeting of the Intermiountain Branch of the American Society for Microbiology, April, 1958. 2 Present address: Naval Biological Laboratory, School of Public Health, Univeisit-of California, Berkeley. maintained at an incubation tempeiratur e in an unfavorable growth environment.
Previous reports indicated that killed suspensions and lysates of Pasteurella tularensis were practically ineffective when employed as vaccines in animals highly susceptible to tularemia, and that live vaccines were a superior prophylactic agent (Eigelsbach, Downs, and Herring, 1958; Eigelsbach and Downs, 1961; Olsuf'ev and Rudnev, 1960 Hatch, 1961) . The solid medium w-as glucose-cysteine-blood-agar (GCl3A).
Preparation of c ultitre Jiltrates. P. ttularensis was initially grown on GC13A slants at 37 C for 24 to 48 hr. The cells were then inoculated into low-form, wide-bottom flasks (no. Reed and Muench (1938) , with the standard error calculated by the method of Pizzi (1950) . Statistical evaluation of the efficacy of varying vaccine dosages was made by the analysis of variance method with arc sine transformation (Snedecor, 1946) . The efficacy of the cell-free vaccines was assessed by chi-square analvses.
RESULTS
Immunogenic potency of P. tularensis filtrates. Immunogenic substances were contained in the Biehler (1957) and by Hatch, Biehler, and Nicholes (1959) . Protective substances were present in the filtrates when the cells were inactivated by the addition of formaldehyde as well as by phenol (Table 2 ). The antigens were produced in both MCPH and defined growth media.
Wide differences existed in the immunogenic potency of various filtrates that had been prepared and tested over a period of several months. For example, the LDso ranged from 7,400 i 306 to >3,540,000. Thus, it was postulated that two conditions were essential for the production of a potent vaccine: (i) exposure of the organism to phenol or formaldehyde, and (ii) storage under partial anaerobiosis at 37 C after active growth.
To test these postulates and to investigate the chemical and physical manipulations necessary for the production of an immunologically potent concentrate, other cell-free vaccines were prepared by several different methods, and attempts were made to determine the effects of: (i) varying the quantity and sequence for the addition of phenol or formaldehyde, (ii) varying the growth period, (iii) aging the cultures under partial anaerobiosis followed by the addition of phenol, and (iv) lysing the cells with sodium deoxycholate. The results of this experiment are pre- sented in Table 3 . Only four cell-free concentrates elicited an immune response at or below the 0.05 level of significance. The superior efficacy of the preparations which were allowed to incubate at 37 C after a period of active growth suggested to us that immunogens were either released or produced during storage under partial anaerobiosis. The release may involve either complete lysis of the cells or partial dissolution of the cell wall, because the data indicated that lysates of P. tularensis contained greater immunogenic activity than did the filtrates. Further, it is evident that, in preparations wherein a precipitate formed during dialysis, the protective antigens were contained in the precipitate fractions. Appreciable purification was effected by such precipitation.
A study was made to determine whether the highly immunogenic and moderately avirulent variant Jap4 (Moody and Downs, 1955) would modified casein-partial release protective substances into liquid medium after active growth and storage under partial anaerobiosis. A fraction from Jap4 filtrates was precipitated during concentration in a flash evaporator, as noted above. The supernatant fluid and precipitate were tested separately for immunogenicity. Data presented in Table 4 are consistent with the previous findings, and indicate that protective immunogens were released into the filtrates by Jap4 cells as well as by cells of Jap H and Schu. The data suggest that the precipitated antigens were subsequently soluble in water. We consider it likely that the antigens were sorbed onto nonspecific medium constituents that precipitated.
There were no significant differences in protection afforded by the precipitate H2 (Table 4 ) and the antigens extracted from the precipitate fraction H3 (P value, 0.75 to 0.70). There were significant differences, however, in protection Table 5 . A statistical evaluation of these data indicated a difference at or less than the 2.5% level of significance between groups receiving various concentrations of the filtrate immunogen vs. control groups (variance ratio, 43.88) and between varying vaccine dosages (variance ratio, 5.86), but there was no significant difference between the animal groups challenged with the three doses of P. tularensis (variance ratio, 1.79). Apparently, protection afforded by the filtrates was dosedependent, and it appeared likely that the dosage of 15 mg per animal previously employed (Table  3) was too small to have elicited a demonstrable immune response. Immunization with P. tularensis vaccines and sublethal infection uith strain 425. Mice immunized with Foshay vaccine, with culture filtrates, and with lysates frequently survived massive doses of strains 425 and 425 F4G. These surviving animals were rechallenged with the fully virulent strain Schu to investigate and compare the extent of the protection afforded by the combination of immunization with these vaccine3 and sublethal infection with the above organisms. The results of three experiments are presented in Table 6 . The greatest differences in immunogenicity among the vaccines were obtained when large doses of P. tularensis strains 425 and Schu were employed. The immune response was correlated with the type of vaccine administered and the numbers of strain 425 cells given. This unusual "survival phenomenon" is similar in some respects to that described by Ginsburg (1947) , who observed an enhanced survival in guinea pigs injected with suspensions containing large numbers of living attenuated P. tularensis cells and small numbers of the fully virulent cells. Apparently, survival of mice and guinea pigs is dependent upon the host receiving a massive quantity of tularemia antigen and fully virulent cells. Pannell (1958) , Pannell and Cordle (1962) , and these data. The origin and mode of release of these substances are obscure; however, these combined exl)eriments indicated a superior immunogenicity of aged cultures, and further scrutiny of the events occurring during aging would be invaluable.
The release of intracellular substances by microbial cells in unfavorable growth environments was reported (Mandelstam, 1958; Postgate and Hunter, 1962; Herbst and Doctor, 1959) . These substances were thought to be fragments of nucleic acid and proteins which were released by bacteria metabolically active in adaptive enzyme synthesis (Strange, 1961) . The increase in antigenicity of aged filtrates suggested a correlation with the above phenomenon. Because low levels of disinfectants are incapable of completely inactivating all vital processes of cells, including enzymatic activities (Roberts and Rahn, 1946) , aging of cultures containing sublethal concentrations of phenol and of formaldehyde merely altered the physiological activities of the microbial population. Consequently, cytolytic damage and excessive leakage of cell constituents occurred in the bacterial suspensions treated with phenol (Gale and Taylor, 1947) .
Cells treated with sublethal amounts of formaldehyde were in an imbalanced condition of growth resulting from an inhibition of cell division and cytoplasmic synthesis (Neely, 1963a, b) . Since the immunizing capabilities of the tularemia pathogen reside only in the "soluble" components associated with the intact bacterium (Ormsbee, Bell, and Larson, 1955) and exist as "surfacesomatic" and "somatic" antigen complexes (Olsuf'ev and Emel'ianova, 1957) , we postulate that the filtrate antigens were released from cells in an imbalanced condition of growth by either complete or partial enzymatic degradation of cellwall constituents. The observation that the immunogenicity of aged lysates and of cultures prepared after storage was superior to prel)arations obtained immediately after active growth substantiates this hypothesis.
Some intracellular synthesis and continuous release of protective antigens could have occurred during the aging period. That the immunogens were extracellularly synthesized is also possible, (Zameenik and Keller, 1954; Siekevitz, 1952; Schweet, Lamfrom, and Allen, 1958) . But, it is unlikely that the ribosomal ribonucleic acid is capable of penetrating the cell membrane and leaking out in sufficient quantities without a concomitant loss of infectivity and viability. We found that cell suspensions containing sublethal concentrations of phenol were, nonetheless, still capable of producing clinical infection in a susceptible host. Ormsbee et al. (1955) showed that the protection afforded mice by P. tularensis vaccines was proportional to the antigen content. In our study, the efficacy of filtrates and lysates generally varied with the immunizing dosages (Table 5) .
However, if the data in Table 5 by six animals when a 60-mg vaccine dosage was administered. These differences were not significant on a statistical basis; nonetheless, the data suggested to us that the concentrated filtrates elicited an immune response sufficient to afford protection in animals subsequently infected with large doses of moderately virulent organisms, and the massive challenge dose per se stimulated an enhanced immune response. Furthermore, data in Table 6 indicated that mice immunized with massive doses of moderately virulent organisms demonstrated this survival phenomenon when subsequently reinfected with the fully virulent strain Schu. In the lysate-treated animals, this combined protection apparently elicited an immune response which approached the efficacy of live vaccines (Emel'-ianova, 1957; Olsuf'ev and Rudnev, 1960 
